M
unicipal solid waste generation has increased drastically since the last half of the 20th century. For example, the amount of household garbage generated in the United States has increased from 80 million tonnes per year in 1960 to more than 220 Tg in 2010, representing a 175% increase in waste (USEPA, 2010) . Since 1960, the population has increased from 179 million people to more than 308 million people (USEPA, 2010) . Th e amount of municipal solid waste generated per person each day has also increased from 1.2 kg in 1960 to approximately 2.0 kg by 2010 (USEPA, 2010), with increases being partially attributed to better living standards. While the total amount of municipal solid waste generated each year has almost tripled within the last 50 yr, the number of active landfi lls has decreased. Th is decrease is a result of existing landfi lls reaching capacity and increased costs associated with more restrictive site management requirements (Eriksen et al., 1999) . Th us, concerns for the mounting supply of garbage being generated have increased pressure on local municipalities to develop new technologies to better handle the disposal of solid waste.
Similar to civilian municipalities, U.S. military installations have also been faced with the dilemma of solid waste disposal. It is estimated that the U.S. Army generated more than 1.4 million metric tonnes of solid waste during the 2009 fi scal year (Solid Waste Annual Reporting Memorandum, 2011) . Presently, the Army operates 16 active landfi lls that have <10 yr of useful life, with an estimated cost of landfi lling exceeding $140 million annually (Torbert et al., 2011) . Although the majority of these military landfi lls on installations are near capacity, permits for construction of new landfi lls are nearly impossible to obtain. Th is has led to increased disposal costs resulting from shipping a majority of the garbage off post (Busby et al., 2006) . As a result, the implementation of a waste reduction and recycling plan or the development of an alternative method to landfi lling are increasingly needed to reduce disposal costs.
Recently, technology to process municipal solid waste by separating the garbage into sterilized organic fractions and recyclables has been developed. Th is system removes all of the ferrous and nonferrous metals, grinds the remaining garbage, and uses a hydrolyzer with pressurized heat and steam to break molecular bonds and destroy pathogens (Bouldin and Lawson, Inc. 2000) . Th e end product is an aggregate material called "Fluff " with a similar consistency to wood pulp. Th is Fluff material can be landfi lled or composted and used as a soil amendment or organic fertilizer. Presently, this technology is being used on the Island of Aruba to process approximately half of its municipal solid waste and in the United States in Warren County, Tennessee. It has been reported that a 95% recycling rate has been achieved in Warren County, Tennessee, with the bulk of the organic by-product being used as a top soil replacement in the horticultural industry (Croxton et al., 2004) . Given that this Fluff material has undergone sterilization, it could potentially be used directly as a soil amendment, thereby eliminating the need for composting and concurrent management costs.
Recycling municipal garbage with this new technology that produces Fluff off ers a promising method for reducing waste disposal on Army installations. Furthermore, military installations are facing increased scrutiny to comply with Executive Order 13101, "Greening the Government through Waste Prevention, Recycling, and Federal Acquisition". Th is order requires executive agencies to "incorporate waste prevention and recycling in the agency's daily operations and work to increase and expand markets for recovered materials". Th is Executive Order memorandum further specifi es that a landfi ll diversion rate of 40% must be achieved. Th e U.S. Army is also required by law to control water and air pollution, maintain ecosystem sustainability, protect native biological diversity, and promote benefi cial reuse practices when possible. Th e use of this new technology could greatly benefi t compliance with this executive order.
Th e Army possesses almost 5 million hectares of land in the United States, including 73 installations containing more than 4000 ha that routinely require some type of land rehabilitation practice due to Army training activities. Oft en the land areas that need rehabilitation are highly eroded and lack suffi cient topsoil, organic matter, and nutrients required for successful rehabilitation. A cheap alternative is needed to overcome the high cost associated with reclamation projects to rehabilitate this degraded land. Consequently, the use of the noncomposted Fluff material as an amendment could supply benefi cial nutrients needed to increase and/or restore the productivity of degraded military training soils.
Research has shown that composted municipal solid waste amendments can decrease bulk density (Turner et al., 1994) , increase organic matter (Maynard, 1995; Cortellini et al., 1996) , cation exchange capacity (Paino et al., 1996) , soil water holding capacity (Turner et al., 1994; Serra-Wittling et al., 1996) , pH of acidic soils (Maynard, 1995) , and soil microbial (Rothwell and Hortenstine, 1969; Eriksen et al., 1999) and enzymatic activities (Serra-Wittling et al., 1996) in soil. It has also been observed that when compost that has not fully matured (fresh compost) is applied to soil, plant growth may be limited or even inhibited resulting from N immobilization due to high C/N ratios. Undecomposed material may also contain high organic acid concentrations that interfere with root function, resulting in reduced yields (Wolkowski, 2003) caused by toxic substances that have evolved from decomposing organic matter (Sabey and Hart, 1975; Zucconi et al., 1981) . Th us, studies were needed to evaluate sterilized undecomposed Fluff as a soil amendment to enhance the reestablishment of native grasses. Busby et al. (2006) reported that good establishment of native grasses was achieved the fi rst and second year aft er Fluff addition. However, further long-term research is needed to validate Busby et al. (2006) short-term fi ndings and to understand how this revegetation practice using uncomposted material impacts aboveground and belowground biomass and C and N cycling from a sustainability perspective. Th erefore, a study was conducted to evaluate the impact of Fluff on land rehabilitation and revegetation and provide a sustainability assessment of native grass establishment and growth on degraded Army training land 5 yr aft er using varying rates of Fluff as a soil amendment.
MATERIAL AND METHODS
Site Description A fi eld study was initiated in February 2003, to determine the eff ect of using noncomposted pulp from a highly processed municipal organic waste as a soil amendment for improving soil quality, plant growth, and revegetation success of degraded Army training lands. Th e experiment was located within a borrow site at the Fort Benning Military Reservation in WestCentral Georgia. Borrow sites are generally characterized as areas where topsoil has been removed and subsoil mined for construction use (Al-Kaisi and Grote, 2007) . Th e study was conducted on a 0.4-ha area located within the bottom of a 20-ha borrow pit where the top 4 to 5 m of soil representing the Argillic and Kandic horizons had been previously mined. Soil within this area was a highly degraded and disturbed Orangeburg loamy sand (fi ne-loamy, kaolinitic, thermic Typic Kandiudults) (USDA-NRCS, 2004) . Climate in this region is subtropical with no dry season; the annual rainfall is 1230 mm and the mean annual temperature is 17°C.
Experimental Design and Treatments
Th e experiment was conducted as a randomized complete block design with four replicates blocked by slope. Treatments consisted of an unseeded control (nothing was done), seeded control (revegetation seeding only), and seeded plots with application rates of 18, 36, 72, and 143 Mg of Fluff per ha -1 dry weight incorporated into the top 20 cm of soil. Each plot was 3.7 by 4.9 m (18 m 2 ) with 0.6 m buff ers between each plot within blocks and 2.4-m buff ers between blocks to avoid cross-contamination. Preparation for all plots included disking, surface broadcast application of Fluff by hand, disking again to incorporate Fluff to a 10-to 20-cm depth, followed by seeding with a grain drill.
Component properties of the Fluff that are signifi cant for agricultural use are presented in Table 1 . Fluff has a nearneutral pH and a C/N ratio of 30, indicating that it will readily decompose. A germination test was also performed to determine if there were any inhibitory eff ects of Fluff on native grass germination (Busby, 2003) . Fluff rates up to 11.2 Mg ha -1 had no eff ect on germination, however, pure Fluff was not an eff ective germination medium.
Native grasses chosen for this study were selected based on previous research for suitability, adaptability, availability, cost, and photosynthetic pathway. Th ree C4 grasses: Earl big bluestem (Andropogon gerardii Vitman), Cheyenne indiangrass [Sorghastrum nutans (L.) Nash], and Alamo switchgrass (Panicum virgatum L.) and one C3 grass Virginia wild rye (Elymus virginicus L.) were used. Seeds (Turner Seed Company, Breckenridge, TX) were sown in a mixture to yield 56 kg pure live seed (PLS) ha -1 , containing 14 kg PLS ha -1 of each species. Seeded and unseeded controls were used to determine the diff erence between natural revegetation and seeding following Fluff application. 
Plant and Soil Sampling and Analysis
Soil and biomass sampling occurred at the end of the growing season, in mid-August (17 Aug. 2007), to determine peak aboveground and belowground biomass. Aboveground plant biomass was determined by clipping all aboveground tissue at the ground-line from two 0.25 m 2 areas at random within each plot and weighing aft er drying for 72 h at 55°C. Belowground biomass samples were obtained by collecting fi ve cores (2.8 cm diam.) from each plot with a gator mounted no. 5-UV4 Model GSRPSUV4G core sampler (Giddings Machine Company, Windsor, CO) to a depth of 30 cm using 4.45 cm diam. metal sampling tubes. Th ese samples were partitioned into 0-to 5-, 5-to 10-, 10-to 20-, and 20-to 30-cm depth increments. Core samples were composited by depth within individual plots. Roots were separated from coarse soil by using the sieve method (Bohm, 1979) . Organic debris was removed and roots rinsed with tap water over a 2-mm sieve and oven dried (55°C) to determine weight. Oven dry biomass material (aboveground and belowground) was ground (0.2 mm) and stored until use. Th ree additional soil cores per plot were collected for soil C and N concentration using a similar procedure used for root sampling described above. Soil bulk density was determined on each soil sample by calculating total soil dry weight within the volume of each sample. Subsamples of soil were oven dried at 55°C and ground to pass through a 0.15-mm sieve. Total C and N for the ground biomass and soil were determined by dry combustion using a LECO Truspec (LECO Corp., St. Joseph, MI).
Belowground biomass was determined on roots as follows:
where RWD is root weight density (mg cm -3 ), RDM is root dry matter (mg), and CR is core radius (2.07 cm) and D is the soil depth (5 or 10 cm). Root biomass was calculated as follows:
where RB is root biomass (kg ha -1 ), and 100 is the conversion factor for mass and area.
Soil C and N pools were determined as follows:
Total N pool (kg ha -1 ) = TN× BD × D × 10,000 m 2 ha -1 Total C pool (kg ha -1 ) = TC× BD × D × 10,000 m 2 ha -1 where TC is the total soil concentration (g kg -1 ) of C, TN is the total soil concentration (g kg -1 ) of N, BD is bulk density (Mg m -3 ), D is the soil depth (0.05 or 0.10 m). Ecosystem C and N pools for each treatment were estimated by summing the soil content (0-30 cm) and aboveground and belowground biomass (0-30 cm) pools together.
STATISTICAL ANALYSIS
Th is study was analyzed as a randomized complete block design with blocks representing replicates. Statistical analysis was performed using the MIXED Procedure of SAS (Littell et al., 1996) . Fluff application rates were analyzed as fi xed eff ects, while replications were random eff ects. Means were compared using lsmeans statement (diff and pdiff ) in PROC MIXED. Means were separated using a signifi cance level of α = 0.05 which was established a priori.
RESULTS AND DISCUSSION

Aboveground Biomass Production
Aboveground plant biomass was signifi cantly infl uenced by Fluff addition. Mean aboveground plant biomass as aff ected by Fluff addition is shown in Table 2 . Although 5 yr have passed since vegetation establishment occurred, no harvestable aboveground biomass was produced in the unseeded control (no seeds or Fluff added) plots. In essence, there was a complete lack of vegetation. Similar results were reported by Busby et al. (2006) following the fi rst and second year aft er revegetation. Th e lack of vegetation noted in the unseeded plots 5 yr aft er site rehabilitation using Fluff suggests that it may take many years for natural recovery to occur on degraded borrow site soils. On the other hand, there was a positive response to Fluff application in the seeded plots. Th is was evidenced by the signifi cant overall treatment eff ect for biomass yields. Aboveground biomass yields ranged from 35 to 901 g cm -2 . In general, aboveground biomass increased linearly with increasing Fluff application rates. Biomass yield was over 2000% higher in the 143 Mg ha -1 rate plots compared to the seeded control (0 Fluff addition). Busby 
Belowground Biomass Production
Similar to the aboveground biomass production, no harvestable belowground biomass was produced in the unseeded control. However, positive belowground biomass responses to Fluff addition in the seeded plots were observed. Table 3 shows root biomass distribution by depth for the native grasses grown at diff erent Fluff rates. Root biomass production generally resembled patterns observed with aboveground biomass over all depth increments evaluated with root biomass increasing with increasing Fluff application rates. Signifi cant diff erences in root distribution patterns were also observed by depth. Th e greatest root biomass production was observed between the 5-and 20-cm depths, with greater biomass being observed at the 5-to10-cm depth increment compared to 10 to 20 cm. Root biomass in the 5-to 20-cm depth increment represented 58% of the total biomass observed in the 0-to 30-cm depth increment. Increases in root biomass observed between the 5-and 20-cm depths can be attributed to changes in nutrient availability from Fluff addition. For instance, during revegetation Fluff was incorporated by disking to a depth of approximately 10 to 20 cm. Th us, it is not unusual that the greatest root biomass would be observed in these layers (5 to 20 cm). Th ese results also suggest that root biomass production was limited by organic matter addition from the Fluff material. Greater root production observed within the 5-and 20-cm depths also suggests that greater branching of roots occurred in response to the localized Fluff incorporation at these depths. In other words, mainly vertical roots were concentrated in the upper 0-to 5-cm soil layer and once rooting reached depths where Fluff incorporation provided greater moisture and initial nutrients, increased horizontal root branching was observed.
Aboveground and Belowground Plant Biomass Carbon and Nitrogen Concentrations
Since no harvestable biomass was obtained from the unseeded treatments, only the seeded biomass plots were evaluated for aboveground and belowground biomass C and N concentrations. No signifi cant diff erences between Fluff application rates were observed for the aboveground or belowground biomass C concentrations for plant tissue (Table 4) . However, C concentrations were higher in the aboveground biomass than the belowground biomass. Average C concentration in the aboveground plant tissue was approximately 46% C, while belowground biomass C concentrations found in root tissues were approximately 41% C (Table 4) . Although C concentrations in the belowground biomass tended to decrease slightly from 43 to 38% by depth, no signifi cant diff erences were observed. Unlike reports of Busby et al. (2006) , no signifi cant treatment diff erences for N concentrations within the aboveground biomass were observed. Busby et al. (2006) reported signifi cantly higher aboveground plant biomass N concentrations in the seeded control treatment compared to treatments with Fluff . In the present study, higher N concentrations were found in the aboveground plant biomass compared to the belowground biomass. Th is was expected since plant biomass harvest occurred close to physiological maturity, thus higher N concentration was contained within the aboveground plant tissues. Unlike this study, Busby et al. (2006) harvested aboveground biomass in October. Th us, the aboveground portion of the plants had started translocating nutrients into belowground portions of the plant. Th e reason for signifi cantly higher N concentrations observed by Busby et al. (2006) in the seeded control treatments can be attributed to a smaller root system, thereby more N was retained the aboveground portion of the plant compared to the Fluff treatments which had more extensive root systems. Fluff addition tended to increase N concentrations within the root tissues. Nitrogen increased with increasing Fluff application rates, with the 143 Mg ha -1 treatment containing a 77% higher N concentration compared to the seeded control. Although greater root biomass was observed at the 5-to 10-and 10-to 20-cm depths, N concentrations were the greatest at the shallowest depth (0-5) and decreased with increasing depths. Greater N concentrations found in roots at shallows depths were most likely a result of translocation moving nutrients to the aboveground portion of the plant.
Soil Bulk Density
Fluff addition to soil at the borrow site had a signifi cant infl uence on bulk density. Mean soil bulk density levels as aff ected by Fluff application rate and depth are presented in Table 5 . Soil bulk density ranged between 1.76 to 1.39 Mg m -3 among treatments. Soil bulk density was signifi cantly impacted by Fluff application rates. In general, the greatest soil bulk density was observed in the unseeded control, while the lowest was observed with the greatest Fluff application rate (143 Mg ha -1 ). Similar results of decreasing soil bulk density with increasing rates of Fluff were observed by Torbert et al. (2007) following the fi rst and second year aft er Fluff application at this study site. Decreasing soil bulk density with increasing rates of Fluff 5 yr aft er establishing the native grass is consistent with increased rooting and aboveground biomass production. Th is suggests that increased biomass production resulted in greater rooting creating channels through the compacted soil, thereby decreasing bulk density. Torbert et al. (2007) only saw signifi cant diff erences at the 0-to 5-cm depth following the fi rst and second year aft er application. However, when reevaluating the impact of Fluff addition to the borrow site aft er 5 yr of native grass establishment, changes in soil bulk density at greater depths had occurred. Th e highest soil bulk density was observed at the 20-to 30-cm depth and the lowest was observed at the 10-to 20-cm depth. Although slightly lower bulk densities were observed at the 0-to 5-cm depth compared to the 5 to 10 cm, no signifi cant diff erences were observed between the two depths. Lower bulk density observed at the 10-to 20-cm depth most likely resulted from the incorporation of Fluff to a depth of 20 cm. Th e addition of organic material to a highly degraded soil resulted in greater root biomass and branching, consequently decreasing bulk density. Decreases in soil bulk density observed at the 0-to 5-cm depth compared to the 5-to 10-and 20-to 30-cm depth can be attributed to residue accumulation and decomposition on the soil surface from the aboveground biomass portion of the native grasses.
Soil Organic Carbon and Nitrogen Concentrations
Diff erences in soil C and N concentrations resulting from Fluff addition and establishment of native grasses to the borrow pit soil were observed. Generally, increasing rates of Fluff addition resulted in increased soil C and N concentrations. Soil C (0-30 cm) increased from 2.05 g kg -1 in the unseeded control to 5.66 g kg -1 with the addition of Fluff at143 Mg ha -1 , representing an increase of 176% (Table 6 ). Soil N also increased from 0.09 g kg -1 in the unseeded control to 0.22 g kg -1 with addition of Fluff at 143 Mg ha -1 , an increase of 144%. Essentially, no diff erences were observed for C and N concentrations between the unseeded and seeded controls. Carbon and N concentrations in soil were strongly stratifi ed by depth, with the greatest C and N measured in the top 5 cm (Table 6 ) and decreasing with increasing depths. Although greater root dry matter was observed at the 5-to 10-and10-to 20-cm depths, greater soil C and N accumulation was observed at the soil surface. Th is can be attributed to a redistribution of nutrients through plant assimilations from subsurface layers where the Fluff was incorporated as well as litter deposition from the aboveground biomass. 
Ecosystem Carbon and Nitrogen Pools
Carbon and N pools found within the soil-plant system play an important role in the biogeochemical cycle as well as long-term sustainability of primary production. Th us, an evaluation of how Fluff addition and concurrent vegetation reestablishment impacts C and N pools 5 yr aft er reclamation is critical to understanding the ecosystems' response to rehabilitation. Th e addition of Fluff to the soil at the borrow site had a distinct impact on C and N ecosystem pools. Mean total aboveground biomass, total belowground biomass, mean C and N pools in the aboveground and belowground biomass, and soil are reported in Table 7 . Total biomass (aboveground and belowground) production was markedly stimulated by Fluff addition. As expected, increasing biomass production with increasing rates of Fluff had the greatest infl uence on ecosystem C and N pools. Within each treatment, the greatest plant biomass was observed in the belowground portion (0-30 cm) of the revegetated native grasses. Th ese results are not surprising because under nutrient poor conditions plants will allocate resources to organs needed for resource acquisition to ensure survival. In other words, under nutrient-limiting conditions extensive root growth occurs in search of nutrients. Since the roots represented the largest portion of plant biomass, it is also not surprising that the greatest biomass C and N pools were found in the belowground portion of the revegetated grasses. Th e soil contained larger C and N pool compared to the aboveground and belowground plant biomass evaluated in this study. Generally, the soil C and N pools increased with increasing rates of Fluff . Th is was a result of the Fluff increasing soil organic matter which consequently increased plant biomass production, creating improved groundcover to retain surface nutrients as well as promote improved C and N cycling between the revegetated native grass and soil system. It is also important to note that use of undecomposed sterilized Fluff material was highly eff ective at increasing establishment of the native grass and showed no indication of any negative impacts on plant growth. In fact, the results of this study suggest that addition of Fluff at 143 Mg ha -1 during reestablishment of native perennial grass will be most eff ective at restoring the health of degraded soil at borrow sites and increasing soil C and N pools.
CONCLUSIONS
Household solid waste disposal issues are an ongoing problem on U.S. Army installations as well as local municipalities. Separation of this garbage into inorganic and organic components followed by recovering the recyclables and using the organics as a soil amendment to increase the productivity of degraded soils could be a viable waste management option to reduce landfi lling. Th is study demonstrated that the use of the sterilized undecomposted Fluff material during the establishment of native grasses can improve the productivity of degraded soil at borrow sites. Five years aft er rehabilitation practices occurred, it was apparent that reseeding is essential given that the unseeded control produced almost no aboveground or belowground biomass, suggesting that it may take multiple years for natural recovery to occur. Biomass production increased dramatically with increasing Fluff application rates, as the 143 Mg ha -1 treatments had 26 times more biomass than the seeded controls 5 yr aft er reclamation. Th e greatest biomass was observed in the belowground portion of the native grasses. Fluff addition to the borrow site also resulted in decreased soil bulk density and increased levels of soil C and N. Th erefore, these fi ndings indicate that greater aboveground plant tissue and more extensive root systems observed with increasing rates of Fluff rate will have a long-term impact on soil productivity by Aboveground and belowground C and N pools for the unseeded control, and 0, 18, 64, 72, and contributing signifi cant amounts of organic matter to soil and promoting nutrient cycling of C and N.
